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. NATIONAL ADVISORY COMMIYi?EX FOR ,AERONAUTICS 

CHAFGCTERISTICS O F  A C O N F I G - W T i O N  OF 'I33 NORW 

MmtFrl T. Moul 

A prelbinary  t ieoretical   investigation  has been made t o  determine 
the dynaraic la te ra l   s tab i l i ty   charec te r i s t ics  of a  configuretion of the 
North American X-15 research  airplane. O f  specific  concern were charac- 
t e r i s t i c  modes, period a d  damping, airplan-e  response t o  yaw  azld roll 
corrfxols, r a t i o  of roll to sidesl ip  in the  Dutch-roll  oscillation, and 
tibe roll-coupling problem. 

Results  are  presented for a Mach nmber of 6.86, al t i tudes of 
100,000, 150,000, arld 200,000 Teet, axd angles or" at tack of 0' and 16O. 
Configurations  with  speed  brakes  closed %.n6 fully open were izwestigated 
and two Lnternediate  cases, which may represent   pmtial ly  opened speed 
brakes, were also inclufied.  Roll-coizpled  motions  were  noted for an a l t i -  
tude of 100,000 Teet v i ta   e i ther  yaw or r o l l  con"i;rols operative. Large 
roll-to-sideslTp  ratios,   roll ing  sensit ivity  to yaw inputs, and roll 
coupling  resulttag from yaw inputs were Eoted f o r  an mgle  of &tack of 
Oo md coald be allevieted by reducing  the  effective  dihedral C z  P' 

A p r o p m  h&s been i??iti=tea a t   t h e  Langley Laboratory t o  investi- 
gate  cnalytically -t?e d y n a i c   s t z b i l i t y  and control l&bil i ty  of the North 
Lhericm X-15 research  airplane for the  proposed f1igh-L plans. Dynamic 
longitudillal and l&eral   s tabi l i ty   character is t ics ,   response of the air- 
plane t o  cor-.trol lhputs, a d  zb i l i t y  of %. pilot t o  control  the elizr-plae 
w i l l  be invest igeted  in   the  progm. 

A preliminEry  study  has been d e  t o  determine  the  nature of the 
dp-amic l a t e rz l   behv io r  of tne  aizplvle at high  speeds and al t i tudes 
where aerodynanLc damping I s  poor. Aerodynamic characterist ics of the 
aiqlzne  obtained from t e s t s   i n   t he  Langley  11-inch  hypersonic tun-n-el 
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for two speed-brake  positions were uti l ized. In zddition two other con- 
binations of C znd Cz which m y  represent some other  brake  posi- 
t ions,  were selected. 

ng B' 

Corditions of t&e investigation are a Mcch nurnber of 6.85, alt i tudes 
of 1CC,COO, l.50,000, and 200,000 feet ,  and acgles of zttack of 0' and 160.. 
Results  presented  are  period a d  dmping of the   l a te ra l  modes, roll-to- 
s idesl ip   ra t io ,  and t b e e -  and five-ciegree-of-freedon  responses to   ro l l ing-  
and yzwing-xonent inputs. 

coefficients of leteral-stabil i ty  characterist ic  equation 

complex roots of leteral-stabil i ty  characterist ic  equatior,  

wing span, f t  

%-eight  coefficient, 
7 -  

qs 

rollirg-moment  coefficient, Rolling noment 
SSb 

yaving-xoxerrt coefficient , Yawing nonent 
qsb 

side-force  coefficient, Side force 
ss 

~ l t  Ftzde , f 'i, 
rmment of inertca about  principal 

=ament  of iner t ia  akoxt principal 

monent of iner t ia  about  principal 

non3b.ensional  radius of gyration 
X-axis, /=2 

Z-axis,  slug-& 

i n  r o l l  zbout s t ab i l i t y  

iE  roll about  principal 

. 
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Kz nordimensional  radius of gyretion ia yaw about s t e b i l i t y  
- 2cos2q +- K ~ ~ s b - ~ q  

G O  nondi-nensional r d i u s  of gyrztion in yaw about  principal 

Kxz nondinensionzl  product-of-inertia  pzameter, 

z-wcis, /- 

E.5 M~ch number 

m mss, slugs 

P period of oscil lation,  sec 

P rollwg velocity,  radims/sec 

9 

. 
r 

pitching  velocity,  r.s&ians/sec  or  ayne~-ic  pressure, 4 pv2, 
lb/sa_ f t  

yawing velocity, rdizns/sec 

- S wing area, sa_ ft 

%/2 %-e t o  damp t o  one-half  amglitude,  sec 

w veight, lb 

v airspeed,  ft/sec 

a angle of .sttack,  rzdiens 

P mgle  of scdeslig,  radians 

Y inclination of flight path t o  horizontal, deg 

6, aileron  deflection, deg 

61: rudcier deflection,  deg 
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h root of lateral-stabil i ty  characterist ic  eqmtion 

pb relztive  density  factor,  m/pSb 

P nass decsity of a i r ,  slugs/cu f t  

B zngle of bank, radims 

'I' Engle of yaw, x d i a n s  

Derivatives: 

per  radian 

Cnp = -, 'cn per  radian aP 

czr = - acz,  Fer radian 
a- rb  
2v 

Cnr = 2, per radian 2C 
a- r b  

2v 
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Subscripts : 

0 ini-tczl  value 

c r i t   c r i t i c81   va lue  

AIRPLATE DESCRIPTION 

A three-view  drawing  of the amlane is given in  figure 1 axl the 
geornetric and inertia  characterist ics  pertinent to t h i s  study, i n  tcble I. 

For t h i s  b-vestig&xi.or,, the yaw and r o l l  reac-lion con-brols of the 
airplm-e were zssumed t o  be in use. The ro l l   cont ro l  produces 17 pounds 
t h u s t  cad a rol l ing noment of 120  foot-pomds, an-d the yew control  pro- 
duces 90 pounds thrust  a d  a yawing nomefit of 2,275 foot-pouds. For 
a l t i tudes of 100,000 and 200,000 feet ,   the  moment coefficcents of the 
reaction  controls,  control-effectiveness estimstes for the  airplane  eero- 
dynanic  coztrols, and the  equivalent  aerodynanic-con-lrol  deflections  are 
given 5n eke followLng tcble.  Tnese equivalent  aerodynamic-control 
deflections  me  valid  for  the  conditions that the  ailerons and rudder 
produce no cross or coupling moments. 

LOO,OOO -0.0017 -0.00068 
200,000 -.0017 "035 

Rudder 
def  Lectioc, 

deg 

0.4 
20 

Reection  controls  are  ictended as el-lernate  controls  for use a t  low 
dynamic pressures where aerodynz-nic controls &re ineffective. The equiva- 
l e c t  zerodyneqic-control  deflections in the preceding table indicate  th.zt 
rudder an-d eileron would be in use at en alt i tude  of 100,000 feet, whereas 
reaction  controls would be  used a t  200,000 feet .  

Data fron model tests of a configuretion of the  north American 
X-15 resemch  airplane  in  the  Laraley  11-inch  hypersonic  tunnel  ere 
presented iu figure 2 fo r  Wo speed-brake configuretions,  brakes  closed 
and open 45O (con?igurations 1 md 4, respectively).  Since  the  brakes- 
closed  corfiguration is directionally unstable, two other  values  of C 

an& C z p  were selected  for  the  purpose of this u a l y s i s  and m y  represent 

two Lntemedizte  breke  configmztions  (configurations  2 and 3 ) .  Tie 



sideslip  derivatives of t he   t e s t  models end the two selected  internzediate 
brake  configurations are surr;marized i n   t a b l e  I1 for  angles of ztteck of 
Oo and 160. 

ANALYSIS 

Characteristic  Equation 

In t h F s  invest igat ion  an  a l t i tude  rage (100,000 t o  200,000 f ee t )  
was selected for which aerodynamic damping was expected t o  be poor and 
rotary  derivatives  could be neglected. Under these  conditions a p i l o t  
w i l l  eqerfLence unusual difficulty  in  controll ing  the  airplane.  

The l a t e re l  equations of  motion for  a stability-axes system are, 
when roteqy  derivatives  are  neglected, 

1 

The characteristic  equation is 

m e  modes represerrted by equstion  (2) are an oscil latory (Dutch 
roll) mode and an  aperiodic mode. By cornperison with  the  general  lateral- 
st&bility  characteristic  equ&tion  obteined when rotzry  derivatives  are 
include2, it i s  seen t h a t   t h e   n o m 1   s p i r a l   r o o t  is zero  for  this  simpli- 
fied  contiition. The EperioEic root obtabed  for  the  sk-plified  condition 
i s  relatea   to   the uscel dmping-in-roll xode but i s  nuch sllzaller  because 
Cl, is assuxed -Lo be  equal t o  zero. 

. 

. 
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Approximztions t o  the Roots 

The chzracterist ic roots m y  be  quickly a d  accurately  deternined 
fron approxUte   fac tors  02 the  characteristic  equation whea rotary 
derivatives  sre  neglected. The geheral  characteristic  equation 

Ah3 + m2 + Ch + D = 0 (3 1 

can be written es 

I 

Roll-to-Sideslig  Ratio 

Simplified exyressions  vhich  yield  accurate  values of -&e $/P r a t i o  
fo r  these  alt i tudes .&en rotzrg  derivatives =re neglected  caz  be  determined. 

For a = 00 only the rolling-moment e q u t i o n  must be considered. 

o r  
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For the Dutch r o l l  root, t'ne real par t  i s  negligible  in comparison 
with  the W g i n u y  par t ,  and 

Then 

For cd = 16O, two equations must be considered  becsuse of principal- 
axis-inclination  effect. A sjmple  expression fo r  $/$ resu l t s  when the 
roll ing- end yawing-mzent  equations are  used: 

from which 

Again neglecting  the  real  pert of the Dxtch r o l l  root ,  

. 
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Results  are  presented of stability-boundary  plots, roots of charac- 
ter is t ic   eqmtion,  end rol l - to-s idesl ip   ra t io  t o  show lzteral s tEbi l i ty  
characterist ics and of time his tor ies  of  motions t o  show response  cherac- 
t e r i s t i c s  and iner t ia  couplir!! possibi l i t ies .  

Stability-Boundary  Plots 

Stability-boundary  plots were constrizcted t o  determine  regions  of 
oscil latory and eperiodic   s tabi l i ty  3 n  terns of  weathercock s t a b i l i t y  

and effective  dihedral C l  3i1 the  absecce  of aerodynamic-damping 
derivatives,  the  only  aerodynmic  characteristic  contributing demping i s  
Cyp. Figure 3 presents  the  results  for two ar-gles of ettzck, 0' and 160, 
and two al t i tudes,  100,000 end 200,000 feet .  The osci l la tory boundary is 
the  coai i t ion for neutrsl  damping of the  osci l le t ion and is  deterained 
from Routh's  discrininant (E - AD = 0) .  On the  cross-hatched  side or" the 
boundary the  osci l la t ion i s  unstable. The aperiodic boundary i s  the condi- 
t ion  which exis ts  Then the aperiodic  root is equal t o  zero and is def-ed 
by D (coefficient of characteristic  equation) = 0. The cross-hatched side 
of this curve  denotes a divergert  aperiodic Eode. The region  of  complete 
s t zb i l i t y  i s  located between the  osci l la tory m d  aperiodic  boundaries. A 
thorough  discussion of boundary plots is given 5n reference 1. 

CnP P' 

For ~n_ m-gle of attack of Oo ( f ig .   3(a))  amd M z l t i tude  of 
200,000 fee t ,  the airplane  has sa us tab le   o sc i l l a t ion   fo r   pos i t i ve  effec- 
tive  dihedrel  except  for a small stable regior?. a t  s m 1 1  negative C z B  
values. For an a l t i tude  of 100,000 feet   there  is a large  region  of CnP 
end C z p  values for which the eirplane would be stable.  A s  the   mgle  of 
at tack i s  increased to 1 6 O  (f ig.  3(b)),  the osci l la tory boundary rotates  
clockwise fo r  EX a l t i tude  of 100,000 f e e t  a ~ 6  the stable region  takes in 
the  whole f irst  quedrent Elld a portion  of the fourth  quadrmt  (negative 
Cnp). This shif t ing of the bounckry is the  expected  effect of principal- 
=is inclination. For en a l t i tude  of 200,000 feet ,   inclination of the 
p r b c i p a l  exis causes  the  oscillatory boundary t o  shif t  counterclockwise 
into  the second  quadrant. The difference l h  the   effect  or" principal- 
&xis inclination for  the two al t i tudes is at t r ibuted t o  the t e rn  
Cw cos y KXZCnp i n  tkne D coefficient of equation ( 3 ) .  For an alt i-  

t-&e of 200,000 feet   the  larger  valze (3.54) of Clq, t??e w e i g h t  coeffi- 
c iect ,  caiuses t h i s  counterclockwise rotet ion of the oscil latory  boudery.  

The brakes-closed  (configuration 1), brakes open (configuration 4) ,  
ard  the two b t e m e d i a t e  brake  configurations  (configurations 2 a=& 3) 



. 
are   located  in   f igme 3 a t  the  zppropriate and C z p  values. The 
brakes-closed  configuration is  divergent a t  a = Oo but i s  completely 
st&ble a t  a = 16O as  e resu l t  of principal-axis  inclinetion. The brakes- 
open conTigLzetion et  both  angles of zttack is coxpletely  stable a t  an 
a l t i t cde  of 100,000 f ee t  but  has  an  unst&ble Dutch roll oscil lation a t  an 
a l t i tude  of 200,000 feet .  

CnP 

Characteristic Roots 

The roots of the characteristic  equetion were determlined fo r  the con- 
figurrations  indicated in   f igure 3 for   a l t i tudes  of 100,000, 150,000, and 
200,000 fee t .  The resul ts  Ere presented in   t ab le  I11 as t u e  t o  dmp t o  
one-half  amplitude fo r  born t h e   D t c h  roll and aperiodic modes and as 
period of osci l la t ion  for   the Dutch r o l l  mode. 

Tne tabulated  cheracteristics a r e  ir, agreement with  the  qualitative 
results  irdicated by the  stability-boundary  plots. The =periodic mode 
i s  alvays  stable. "he period of oscillation  increases by a factor of 7 
for an imrease   in   a l t i tude  from 100,000 to X)O,O00 fee t  as a resul t  of 
a decrcase in  dynaic  pressure.  Tne effect  of chmging  the  flight-path 
angle t o  -6oO from Oo is negligible. .I 

In f i g m e  4, curves of constant  period and dazping of the Dutch r o l l  
osci l la t ion are presented  for  angles of ettack of 00 and 160 and an a l t i -  
tude of 100,000 f e e t  in terms of weathercock s t a b i l i t y  ar,d effective 
dihedral  paraxeters. Although t'nere are  large  regions of oscil latory 
s t ab i l i t y  for an el t i tude of 100,000 feet   ( f ig .  31, the constant4anrping 
curves of figure 4 snow that   the  Dutch r o l l  osci l la t ion for both a = Oo 
d 16O is really  only lightly damped tbcroughout the  region of normal 
values of Cnp and Czp ,  that  is, the first quadrant. For 200,000 feet ,  
the  airplane was shown in figure 3 t o  be unstable  throughout  the first 
quadrznt  except for very small vElues OF effective  dihedral for a = 0'. 

A few calculations have  been =de t o  determine the  effect  of rotmy 
derivatives EXXI constant  pitching  velocity on t ie   chzrac te r i s t ic  nodes. 
During flight et high  altitudes  the  airplane will be ir, a ba l l i s t i c   f l i gh t  
pzth  rather  than  in  level flight and w i l l  experience a constant  pitching 
velocity  if  angle of r t tack is held  constant. For this  condition 
pitching  velocity im-luences la teral   not ion through iner t ia  terms 

rolling-moxent  equations,  respectively. For a constant  pitching  velocity 
these  terns  act  as eguivzlent Cnp and C z r  derivatives anti were inclu&ed 
in   calcalzt ions of the  roots for 100,000 e,nd 150,000 feet .  The resul ts   are  
included in  table 111 where the Cnp and Czr values  denote this condition 

- 
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m o  other  calculations were made for   a l t i tudes of 100,000 an-d 
200,000 f ee t  in  which estime-ies of the dmping  derivatives Cnr and 
CzP as well as the  constant-pitching-velocity terms were included i n  
the  equations of notion. For an  a l t i tude of 200,000 feet these additional 
terms heve a smll effect  on period and add an- increment t o  Dutch r o l l  
damping which is not  si@ificant,  sin-ce the osc i l le t ion  is only neutrally 
stable a t  best. For 100,000 feet   the   per iod is unchanged, but tlrle d.=mping 
of both the Dutch roll an! damping-in-roll mdes is appreciably  increased 
by including i)nr and Czp. These results i i c a t e  thet 1,00,000 f e e t  
m3y not be a suff ic ient ly  high a l t i twle  f o r  which a w i n g  derivet5ves  can 
be neglected. T:n-e efr'ects  of dampir?g derivatives acd constant  pitching 
on airplane  responses w i l l  be discussed in a later section. 

Roll-to-SideslTp  Ratio @/p 

"he @/j3 r a t i o   i n   t h e  Dutch roll node is an m o r t a n t  flyha q-mlity 
ard hes bee= calculated  for  the same configurations a d  conditions  for 
which roots were obteined. The @/p ra t ios   a re  given in table N. 
Although tolereble  values of #/B r a t io   a r e  dependent on Dutch r o l l  
damping, @If3 ratios  greater t h h  4 have  been  found by p i lo t s  (rel. 2)  
t o  be generally  intolerable  regardless of dearping. From the  tzble,  it 
i s  noted Ynet mgle  or" at tack bad a large  favorable  effect on the @/p 
r a t io ,  the mxinum value  for 3~ = 16O beillg 3.8 as conpared w i t h  15.9 
f o r  a = Oo. This large  reduction i~ @/j3 is at t r ibuted t o  both 8 
reduction in_ C z p  with increasing an-gle of attack and the  efTect of 
p r inc ipe l -a i s   inc l ine t ioa  es indicated by the approximate  expression, 
equation (6). Also, the @/p r a t i o  i s  practically icdepenaent of a l t i -  
tude. For two cases in which constant  pitching an-d coastant pitching 
plus Cnr end Cz were considered,  there was a cegligi'ole change 5~ 

$/p ra t ios .  
P 

T i n e  Histories 

fly5ng  the  Eirplar-e in_ 2 high-altitude  trajectory it w e s  assumed 
that the   p i lo t  would apply  controls so <qat the  airplane bznk angle would 
not exceed 90'. For this puqose  the lillear kklree-degree-of-freedom 
l a t e r a l  equations of motion were used  with &n analog  conputer to  deternine 
eirplzne  response t o  2 ~ 1  in i t ia l   s ides l ip   angle ,  yaving-noment bpt, and 
rolling-aornellt *put fo r  a l t i tudes of 100,000 and 200,000 f e e t  and mgles  
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of attack of Oo amd 16'. In addition same five-degree-of-freedom  motions 
were also  calculated  to  determine whether inertia  coupling is a problem 
at  these speeds m d  al t i tudes.  Time his tor ies   are  shown for configura- 
tions 1, 2, end 4. 

Response t o  zn i n i t i a l   s ides l ip  angle.- The response t o  an i n i t i a l  
sideslip  angle is  presented i n  figure 5 f o r  one intermediate  brake con- 
f igurat ion  to   i l lustrate   the  osci l lEtory  character is t ics  and roll-to- 
sideslip  rstio  discussed  previously. The curves show thet the period a t  
200,000 f ee t  i s  about  seven  times  as  great ES the  period a t  100,000 f ee t  
as discussed  previously,  the  oscillation is  more unstable a t  x)O,OOO feet ,  
and the @/p r a t io  is  =-bout 15. Although. the  oscil lation is more unstable 
a t  230,000 fee t ,  as would be expected from the   s teb i l i ty  boundary plots, 
it would appear t o  be easier  to  control because of the  longer  period. 
Consequently,  stability-boundary  plots  should  not  be  relied upon solely 
in  zppraising  airplane  stabil i ty  characterist ics  since  they do not provide 
quantitative  results. Response calculations  provide  valuable  additional 
information on the   s tab i l i ty  and control  c'mracteristics of the  airplane. 

Response t o  yawing-Eoment input. - Figure 6 presents Cne response 
i n  bank and sideslip t o  a yawing-moment input  for  angles  of  attack of 0' 
and 1 6 O  and E l t i t -des  of 100,000 and 200,000 f e e t  . The input is that 
provided by the  reaction  control  (equivalent  to  about O.ko aerodynmic 
control i f  no rol l ing moment is prociuced) fo r  100,000 feet and one-tenth 
the  reaction  control  (about 2 O  aerodynamic control)   for  200,000 feet .  
For a = Oo, the  brakes-closed  configuration is unstable and the motions 
are  divergent. The other two configurations have snall sideslip  responses 
a t  100,000 feet  but  rapid r o l l  responses  as a resu l t  of dihedral  effect 
an& the  large &ynamic pressure. A t  200,000 feet ,  the sideslip motions 
me   l z rge r  and the   ro l l  responses  are  slower  becmse of the  greatly- reduced 
dynmic  pressure. A t  a = 1 6 O ,  the brakes-closed  configuration is  s t a t i -  
cal ly   s table  md the roll response is slower  than for a = Oo 8s  a result 
of principal-ais-inclination  effect .  The brekes-open configuration  has 
a  very slow r o l l  response a t  a = 360 because  of t i e  smell value of 
dFhedral effect ,  C z p ,  Shawn in  f igure  3(b) .  

Response t o  rolling-moment input.-  Figure 7 presents  the  responses 
t o  e. rolling-noment  input  for  altitudes of 100,000 end 200,000 feet   md 
angles of attack of Oo and 35O. Eie inputs were five  times  the  rolling 
moment provided by t??e  reaction  control or about 0.3O aileron  deflection 
(if no  yawing moment is produced) fo r  an alt i tude  of 100,000 fee t  m d  a 
r o l l i r g  moment equal t o  K?e reaction  control  or  about 50 aileron  deflec- 
t ion  for  an  alt i tude of 200,000 feet .  

A t  a = Oo, the  brakes-closed  configuration i s  unstable and the 
notions  are  divergent. For lerge  values of s idesl ip  ar-gle, the roll 
directior? is reversed by dihedral  effect. A t  an e l t i tude  of 200,000 feet ,  
the r o l l  reversal is not evident and  would not  occur mtil sideslip  mgles 

Y 



become larger. The other col7l"igurations f o r  a = Oo emerience small 
sideslip  angles and a  rol l ing moment as  eaected. 

A t  a = 16O, the brekes-open configuration  experiences a small  side- 
s l i p  motion and a rolling motion. Tne brakes-closed  coni3guration is 
stable es a  result  OS principal-exis  inclination end the  sideslip  response 
is oscillatory. However, the r o l l  is agab-  reversed  for  this  configure- 
t ion at both  altitudes  as  a  resizlt of negative Cnp 

Recovery.- Ln_ figures 8 an6 9, the  effect  on airplane motions of 
holding  the  control f o r  2 secocds and the2  neutralizing it is show- fo r  
both yawing- md roll~g-moment  inputs. When the  control  is   neutralized, 
the  eirplene  oscil lates about  a Oo sideslip  angle  but  coctb-ues r o l l h g  
Fn the absence of dauping i n  ro l l .  Tn order t o  stop  the  rolling,  the 
aileron voiald have t o  be reversed t o  produce  a rol l   accelerat ion of 
opposite sign. 

Effect of rotary  derivatives.- The effect  of rotary  derivatives and 
constant  pitching  terms on roots of ch.zracteristic  equations  has been 
discussed and was  shown t o  be zppreciable  for a a l t i tude  of 100,000 feet .  
Since  the Dutch roll .md damping-in-roll  nodes  experienced  increases in 
damping it wes desirable t o  determine  the  effect of' these changes on air- 
plzne  motions. A few calculations have  been made for   e l t i tu&es  of lO0,OOO 
md 200,000 f e e t  m-d a = Oo f o r  the  cowiguration  having CnP = 0.057 
an& C z p  = -0.049 t o  determine the efI"ect of these   as iva t ives  on resporse 
t o  control-  inputs. For an a l t i tude  of 200,000 feet   there  were negligible 
changes in  the  notions. 

In  figure 10, the  effect  of rotary  derivatives on the  response i n  
bank t o  a yzwing-moment -put is presented for an a l t i tude  of 100,000 fee t .  
Terns  included are  the  inertia-coupling terms  in-lroduced by the  pitching 
velocity  experienced  in  zero-lift  flignt  (discussed in the  section  enti-lled 
''Characteristic  Roots") a d  &snping  derivakives Cnr = -0.46 Zna 
Czp = -0.21. The c-mves show a minor effect  of rotary  derivetives up 
t o  z bedc mgle  of -9'. For nan-euvers of longer  duration, bmk eagles 
beyone -90' i n   f i g m e  10, -bi~e diff'erence between the  curves i s  appreci- 
able, and it aspears  that Fn geaeral rotary derivatives should be con- 
sidered  for  al t i tuees up t o  100,000 fee t .  However, rotary  derivztives 
appeared t o  hzve e, minor effect  on the smll notions  presected in t h i s  
paper. 

Five-degrees-of-freedom results.- 4 few five-degree-of-freedom  cal- 
culztions have  been mde for configmetions 2 a d  '4 fo r  m angle of 
zttack of 0' amd .XI alti-tE&e of 100,000 fee t  , 4. range of yzwtng- and 
rolling-mcment inputs varying from the  map-itude of the  reactior, 
controls t o  several  degrees of aerodynmic  cortrols wes consfdered t o  
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determine  the  range of validity of the three-degree-of-freedom  analysis 
and to  investigcte  the  inertia-coupling problem. In  f igure 11, resul ts  
are  presel?"Led for two configurations for which the  inputs were a rol l ing 
xcment 1.0 tLmes as grezt  as  that  provided by the  reaction  corrtrol, or 
about 1' aileron  deflection, md a yzwing momenk equel t o   t h a t  of the 
reaction  control or about 0.ho rudder  deflection. Only for  the  inter-  
mediate  brakes  configuration and the yawing-monent input is there a con- 
siderzble  eifference  in  sideslip  response between the three-degree-of- 
freedox and the  five-degree-of-freedorn  motions  for  these small inputs. 
Tae calculated  cr i t ical  rollling velocity  for  this  configmation is 
2 radizns  per second end et 2.8 seconds the  airplzne is experiencing t h i s  
roll ra te .  A t  t he   c r i t i ca l  roll rate,  inertia-coupling  terms  in  the 
eqvrations are  importat ,  and  hence the three-degree-of-freedom resu l t s  
are  invaliC.  Tie  significant  result is thzt  this  intermediate  brakes 
configuration (small Cnp) csn  experience  roll-coupled motions E t  

lO0,OOO fee t   fo r  sml l  yawing-noment inputs as E resu l t  of a high roll 
sens i t iv i ty   to  yaw controls. 

Figure  12  presents  results  for  the brakes-ope=  configuration for 
icputs  equivalent to lCo aileron  deflection and bo rudder  deflection 
ana initizl.  angles of atteck of Oo, 10, ~ n d  8O. Tie c r i t i c a l   r o l l   r a t e  
is e5out 4.1; redims  per second an-d is a function of the  pitch  netural  
frequency for this  configuration.  Figure  12(a) presell-ts the  resul ts  for 
a rolling-moaect  inpat a d  i l lustrztes   the  effect  of the  8isturbance 
t e m  pa. For + = Oo, no coupled rations  are  evidect even though 
c r i t i c a l   r o l l   r a t e s   a r e  enco-mtered. For ~6 = lo, soxe  coupling is  
noted and for + = 8O considerable  Kotion i n  a and p is noted as 
the  resul t  of the  lrsge  value of the  pa term. 

For Kce yzwing-noment input  (fig.  12(b)),  nore roll coupling is  
encountered fo r  % = 0" thzn for % = 8O. The roll r a t e  did not 
appromch the   c r i t i ca l  value  for rz0 = %O Secause  of the srmll C2 at  

P 
t h i s  a, which decreases the ro l l   s ens i t i v i ty   t o  yawing-mmerrb inputs. 

Results  for  configuration 2 are  presented  in  figure 13 for  inputs 
of 10' aileron  deTlection znd ko rudder  deflection. For t'ne aileron 
input, EO cousling  effects are noted for  M i n F t i a l  a of zero. For 
an i n i t i e l  a of 8' couplfng effects &re noted. However,  t'ce severity 
of -Lhe motions  could  not be deterhined  because m- angular  velocity exceeded 
t h e   r a g e  prcvicled for   in   se t t ing  up the problem on an analog computer and 
ceused CLe computer t o  overload  before 1 secod .  

For the  sme  reasons,   the motions i n  response t o  bo rudder input 
( f ig .  l 3 (b ) )  ai6 not  continue  long enough t o  determine the i r  forms. The 
sideslip  response at a = Oo zppears t o  be  divergent,  but it is noted 
t o  Se nothlng m r e  than E. three-degree-of-freedom  response t o  a rudder 
input. However, the  rapid  increase Fn CL for  this case  inaicztes  that 
r o l l  couplicg  vas  probably  present. 
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Results of an anellyticel  investigation of the dynamic l a t e r a l  st&- 
b i l i ty   charac te r i s t ics  of %. configuration of the North h e r i c a n  X-15 
research  airplane for e Mlach nmber of 6.86 and al t i tudes of 100,000 and 
200,000 fee t ,  aerodynsmic dampifig derivatives  being  neglected,  indicate 
that 

1. Roll-to-sideslip  ratios were la_rge a t  zero =@.e of a t tack beczuse 
of large  eflective  dihedral C 2  P' 

2. Yawing-moment inputs produced large bank mgles  and roll ra tes  E-L 
an  e l t i tude of 100,000 feet .  

3. RlViough the  brakes-closed CoPifigLzretLon vas stabil ized by 
pr incipal-ais   incl inat ion,  i t s  roll ing  chmacterist ics  are  unsatis3ectory 
in that  dihedrel  effect  reverses  the roll direction. 

4.  Roll  coupling  developed f ro= small rudaer  inputs a% 100,000 f e e t  
for configurations  having smll weathercock s t a b i l i t y  CnP ar?d l r rge  
effective  dihedral C z p .  

j. ' n e  brakes-open  col7figxration  experienced roll coupling at 
100,000 f ee t  lor both a loo aileron  input .EX!! a bo rudder  input. 

6. Tne large  roll-to-sideslLp ratios @/$, ro l l ing   sens i t iv i ty   to  
ymr i ~ ~ p ~ ~ t s ,  an-d r o l l  cocpling  resulting fro= yak- Fnputs  could  be al levi-  
ated by reducing  the  effective  dihedral Czp .  

Langley AeronsutFcal  Laboratory, 
Nztlonz~l Advisory Committee for Aeronautics, 

Ungley  Field, V E . ,  Decenber 10, 1956. 



16 W-CA RM ~ 5 6 ~ 2 7  
. 

REFERENCES 

1. Sternfield,  Leonzrd, zn3 Gates,  Ordwzy B., Jr.: A SiElplified  Met'nod 
for the Deterxination znd Analysis of the Neutral-LEterzl-Oscillatory- 
StabiLity Eoundery.  NACA  Rep. 9h3, 1949. (Superseaes  KACA TN 1727. ) 

2. !.ITllFms, Iklter C., an6 Fhillips, Wi1lia-a €I. : Some  Recent Resezrch 
OT? tine Eandllhg  Qualities of Airplaaes. TUCA RM H55L29a, 1 ~ 6 .  

3. Fhillips, !,!illim- H.: Effect of Stedy Rolling on Longitudinal znd 
Direc-kional  StaSility.  NACA TN 1627, 1948. 



3L 

. 

Ubg : 
Area, sa_ lt . . . . . .  
Span, r't . . . . . . .  
Me=- eerodynLqic chord, 

Weight, Ib . . . . . . .  
rx, slug-& . . . . . .  
Iy, slug-f t 2  . . . . . .  
1.7, slug-lt 2 . . . . . .  
E, deg . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . .  200 . . . . . . . . . . . . . . . . . . . .  22.36 
ft . . . . . . . . . . . . . . . . . .  10.27 . . . . . . . . . . . . . . . . . . .  .ro,443 . . . . . . . . . . . . . . . . . . . .  2,800 . . . . . . .  ~ . . . . . . . . . . ~ . 5 0 , 0 0 0  
. . . . e . . . . . a e . . r n r n e . . . 5 2 ~ 0 ~  

. . . . . . . . . . . . . . . . . . . .  0 
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a = O  0 u = 16' 
Confignation 

% "28 CnP CYD czp CnB 

1 (brekes closed) -0.046 -0.006 -0.72 -0.029 -0.043 -0.61 
b 
3 

- ,032 089 -.a "073 a171 -e89 3 
-.03g .038 -.78 -.O@ .057 -.74 

4 (brakes open k5O) - .on .229 -1.03 -.137 .487 -1.32 
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TABLE I11 

CIIARAC~ISTIC MODES OF TATERAL MOTION 

Conf j euret.ion 

3. 

I 

LltitUdt, fC 

1.00, m I 
i 
I 
1 
I 

100,000 

150,000 

200,oM) 

200,000 

- 

deg 
Y, 

- 

E 
i 0 

-60 
-60 

I 
-60 
-60 

.1 
0 

I 
P 
-60 
-60 

-60 
-60 

-r Aperiodic n d o  
Tl./2, "ec 

01, l.7 
10.0 
29 

16.8 
43 

47 
39 

55 
69 
61 
77 

1.1, -1.2, -1.2.9 
10.3 

La) 69 
31.J 
43 
52 
76 

2.7, -3.5,  -11.5 
10.3 

50 
19.7 

45 
17.9 

JI 1 
50 

72 
57 

64 
00 

m, 47.5 

Dukh ro l l  mode 

""- 
-56 
39 
16.4 
61 
22 

19.3 

47 
38 
32 
24 
35 
23 

m 

-"" 
-3 

00 

m 
m 
0 

La 

""- 
-21 

-41 
-64 
-37 

-05 

00 

La 

La 

La 

r4 

La 

La 

P, 6ec 

"" 

3.3 
3.3 
3.3 
1..3 

3.3 
1.1 

1.1 

3..8 
1.5 

1.0 
1.3 

1..5 
1.0 

"" 

9.1 
3.1 
3.1 
4.3 
2.8 
2.8 

4 
24 
rJ.5 
8.0 
23 
0.0 

12.5 
10.8 
9.4 
7.3 
10.8 
7 .3 

"" 



Iu 
0 

-, .. 

Confiwat lon 
100,000 

Divergent 
15.9 

16.2 
7.9 
5.2 
15.9 
5-2 

""""_ 

3.a 
3.1 
2.7 
2.1 
5.1 
2.1 
" 

l.~0,000 

Divergent 

15.9 
13 .a 

"-""" """"_ 
""""I """"_ 
"I""" 

3.8 
3.1 

2.1 
""-"" 
""""_ """"_ 

200,000 

Divergent 
17.0 """"_ 

""""- 
'7.9 
592 

15.5 
5.2 

3.8 
3.1 
2 -7 
2.1 
3.1 
2.1 

D l e 1 b 

.._ - " 
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Figure I.. - Three-view  drawing of airplane. All dimensions m e  in  inches. 
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Fi@ze 2. - BxperLxental data  obtained in Langley 11-inch 
M = 6.86. 
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hy-personic tunnel. 
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(a) a = 00. 

Figure 3 .- Plot of lateral stabi l i ty  boundary. 
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Figure 3. - Concluded. 
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(b) CL = 16O. 

Figure 4. - Conclilded. 
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Figure 5. - Response t o  init ial  sideslip angle. Configuration 2; a = 0'. 
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(a) a = 00. 

Figure 6 . -  Response -to yawing moment. 
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(b) a = 16'. 

Figure 6 .  - Concluded. 



(a) a = 00. 

Figure 7.- Response t o  rolling moment. 
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Figure 7.- Concluded. 
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Figure 8. - Yawing molncnt responses 
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Figure 9.- Rolling mmcnt response of configuration 11. (brakes opcn) with recovery. 
hp = 200,000 ft; cz = -0.00184; 5'. 
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Figure 10.- B f e c t  of rotary  derivztives ox respome to yewing Eornent of 
conr"iguration 2. hp = 1OO,OOO ft; a = 0"; Cn = -0.00068; 6r X 0.4'. 
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(a) Configuration 4, brakes  open. 



(b) Configuration 2. 

FLga-e 11. - Concluded . 
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(a) Response to rolling monent . Cz = -0.0036; 6a = 10'. 

Figure 12.- Five-degree-of-freedom results for configuration 4 (brakes 
open). hp = ~ ~ , ~ O  ft . 
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(b) Response to yawing xoment. Cn = -0.0068; 6r 4'. 

Figure 12.- Concluded. 
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(a) Response to rolling noxent. C2 = -0.0036; sa k: 10'. 
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(b) Zesponse to yawing nortent. Cn = -0 .OC68; 6, = 4O. 

P i m e  13.- Concluded. 
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